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^ . Abstract. The possibility to synthesize heavier superheavy elements in massive nuclei 

reactions is strongly limited by the hindrance to complete fusion of reacting nuclei: due to the 
onset of the quasifission process in the entrance channel, which competes with complete fusion, 

■ and by strong increase of the fission yield along the de-excitation cascade of the compound 
1 nucleus in comparison to the evaporation residue formation. We present a wide and detailed 

£C) , procedure allowing us to describe the experimental results (evaporation residue nuclei and 

■ fissionlike products) in the mass asymmetric and symmetric reactions. Very reliable estimations 
C**) 1 and perspectives for the synthesis of superheavy elements in many massive nuclei reactions up 
l/") , to Z = 120 and eventually also for Z > 120 have been obtained. 
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1. Introduction and status 

Many Laboratories are strongly engaged to investigate massive nuclei reactions with the aim to 
analyze and understand the characteristics and variety of reaction dynamics, and then to plane 
new experiments for the synthesis of other heavier superheavy nuclei. In the last decade many 
superheavy elements with Z > 110 were successfully reached by cold and hot fusion reactions, 
but results of the investigations in some other cases of symmetric or almost symmetric massive 
nuclei reactions the investigations were unsuccessful. New experiments have been performed to 
synthesize superheavy elements with Z = 120 and other massive nuclei using reactions being 
believed to be able to reach superheavy elements with Z > 120. 

The possibility of synthesis of new elements with Z=120, 122, 124, 126 was explored in some 
hot-fusion reactions (for example the 54 Cr+ 248 Cm, 54 Cr+ 249 Cf, 58 Fe+ 249 Cf, and 64 Ni+ 249 Cf 
reactions) in cold-fusion reactions (for example the 132 Sn+ 174 Yb, 132 Sn+ 176 Hf, 132 Sn+ 186 W and 
84 Kr+ 232 Th reactions) which could lead to the formation of nuclei in the Z=120-126 range. 
Moreover, various studies were conducted by different authors [IH1] in mass symmetric and 
asymmetric reactions ( 136 Xe+ 136 Xe, 149 La+ 149 La, 86 Kr+ 208 Pb, 58 Fe+ 244 Pu) estimating relevant 
or promising results for the synthesis of superheavy elements, but in the some conducted 
experiments no events were found [SHZj- Since some laboratories are planning to perform 



experiments in such field of nuclear reactions, the present study can be an useful support of 
knowledge before to attempt some difficult tasks. Therefore, it is needed to investigate the 
conditions and limits of reactions in respect to form compound nuclei (CN), and to produce 
evaporation residues of superheavy elements. There are three reasons causing a hindrance to 
the evaporation residue formation in the reactions with massive nuclei: the quasifission, fusion- 
fission, and fast fission processes [8til0|. The quasifission process competes with the fusion 
process during the evolution of the dinuclear system (DNS). This process occurs when the 
dinuclear system prefers to break down into fragments instead of to be transformed into fully 
equilibrated CN. The number of events going to quasifission increases drastically by increasing 
the sum of the Coulomb interaction and rotational energy in the entrance channel. The next 
reason decreasing yield of ER is the fission of a heated and rotating CN which is formed in 
competition with quasifission. The stability of a massive CN decreases due to the decrease 
of the fission barrier by increasing its excitation energy E^ N and angular momentum i. The 
stability of the transfermium nuclei are connected with the availability of shell correction in their 
binding energy which are sensitive to -E^N an d values of the angular momentum. Moreover, the 
other reason decreasing yield of ER is the fast fission process which is the inevitable decay of 
the fast rotating mononucleus into the two fragments without reaching the equilibrium compact 
shape of a CN. Such a mononucleus is formed from DNS which survived against quasifission at 
large values of the orbital angular momentum decreasing the fission barrier up to zero. So, the 
main channels decreasing the cross section of compound nucleus are quasifission and fast fission. 
These channels produce binary fragments which can overlap with the ones with the fusion-fission 
channel and the amount of the mixed detected fragments depends on the mass asymmetry of 
entrance channel, beam energy, as well as the shell structure of being formed reaction fragments. 
Therefore, the experimental method to extract the fusion-fission contribution by the analysis of 
the mass and angular distributions of binary fragments of the full momentum transfer events is 
not unambiguous. 

The failure of many experimental results is connected not only with the difficulties in the 
measurement of the evaporation residue cross sections which are lower than 0.5 pb but also in the 
inadequacy of the probability estimation of the complete fusion [UEE] and then in determination 
of the evaporation residue cross section. The reported difficulties are related not only with the 
theoretical estimation of the complete fusion and evaporation residue cross section but also in 
the not univocal experimental identification of fusion-fission fragments among the quasifission 
and fast fission fragments. We will also discuss about the limits of reaching compound nuclei 
heavier than Z = 120 due to the dominant repulsive Coulomb effects and strong centrifugal 
forces in very massive nuclei reactions. 

In order to give realistic estimations of cross sections of the reaction products by mass 
symmetric or almost symmetric entrance channel it is need to develop an adequate model 
allowing one to describe by a likelihood way the complex dynamics of the mechanisms during 
all stages of reaction. In fact, in the last stage of nuclear reaction, the formed CN may de-excite 
by fission (producing fusion-fission fragments) or by emission of light particles. The reaction 
products that survive fission are the evaporation residues (ER) [9llllj. The registration of ER is 
clear evidence of the CN formation, but in case of reactions with massive nuclei, generally, the 
knowledge about ER's only it is not enough to determine the complete fusion cross section and 
to understand the dynamics of the de-excitation cascade of CN if the true fission fragments are 
not included into consideration. On the other hand, the correct identification of an evaporation 
residue nucleus by the observation of its a-decay chain does not assure if the target material 
contains other isotopes of the nucleus under consideration. In fact, for example, in the case of 
the 48 Ca+ 249 Cf reaction, the identification of the 294 Hs nucleus as the evaporation residue of 
the 297 Hs compound nucleus after the emission of 3 neutrons (see the experiment reported in 
Ref. [12j) cannot assure that the collected events of the obtained 294 Hs nucleus are only due 



to the mentioned process regarding the Hs CN formation because also the 25U Cf nucleus, 
that is inevitably present in the target due to the finite resolution of the mass separation, 
contributes by the 48 Ca+ 250 Cf reaction (leading to the 298 Hs CN) to the synthesis of the same 
294 Hs evaporation residue nucleus after 4 neutrons emission from CN. This effect changes with 
the beam energy and the 2£ CN excitation energy of CN. In addition, the use of some assumptions 
in separation of the fissionlike fragments according to the kinds of the mechanism of its origin 
does not allow for sure correct determination of the fusion-fission contribution in the case of 
overlapping of the mass fragment distributions of different processes (quasifission, fast fission 
and fusion-fission). The exigence and importance to have a multiparameter and sensitive model 
is strongly connected with the requirement to reach reliable results and with the possibility 
to give reliable estimations of perspectives for the synthesis of superheavy elements. If the 
estimations reported in Figs. (a) and (b) of Ref. [33] about evaporation residue cross section 
after 2n, 3n, and 4n emission which are peaked at about the same E* = 40 MeV of the 298 116 
excitation energy are reliable results, then immediately arises the question: what process and 
barriers can describe with appreciable probabilities the emission of 2 and 3 neutrons that take 
away about 43 and 48 MeV (or also more) of excitation energy from the 298 116 and 299 118 
compound nuclei, respectively? These results mean that each neutron in the evaporation of 2n 
is emitted with a kinetic energy of about 15 times the nuclear temperature of the 298 116 CN, 
and 10 times the nuclear temperature of 299 118 CN in the 3n evaporation process. That is a 
fully unrealistic result. 

Moreover, by observing the fission products of fissile nuclei formed in neutron (or very light 
particles) - induced reactions on fissile targets, one can conclude that the low excited compound 
nucleus (at about P CN < 10 MeV) decays into very asymmetric fission fragments (near to the 
shell closure), while the actinide nuclei or compound nuclei formed in heavy ion collisions at 
intermediate or high excitation energy (P CN > 15 MeV) undergo fission by symmetric fragments. 
Starting from these general observations some researchers put forward the idea that the complete 
fusion process of two colliding nuclei may be considered as the inverse process of fission. The 
authors in the papers OH] argued that since the fission of a compound nucleus in heavy 
ion collisions produces just symmetric fragments, then in the collisions of two symmetric (or 
almost symmetric) nuclei complete fusion has to be a very probable process. But, unfortunately 
this is not true. For systems of colliding nuclei heavier than 110 Pd+ 110 Pd fusion does not 
occur absolutely, while for reactions as 100 Mo+ 100 Mo, 96 Zr+ 96 Zr, 96 Zr+ 100 Mo, 100 Mo+ 110 Pd or 
induced by projectiles heavier than Zn, Ge, Kr a strong hindrance to fusion appears. 

Following the previous reasoning one can affirm that the hypothetical 132 Sn+ 120 Cd reaction 
should lead to the 252 Cf CN since 120 Cd (with Z=48 near the shell closure 50) and 132 Sn 
(with double shell closure Z=50 and iV=82) are produced with high yields in spontaneous 
fission of 252 Cf. But calculation for this reaction does not give meaningful fusion probability 
(Pcn < 5 x 10 -7 ). The simple reason resides in the peculiarities of the reaction dynamics. In the 
spontaneous fission of 252 Cf the average value of angular momentum distribution of the fragments 
is close to zero, but if we want to reach the 252 Cf compound nucleus, by the hypothetical 
132 Sn+ 120 Cd reaction (or by the realistic 132 Sn+ 116 Cd reaction leading to the 248 Cf CN), the 
average value of angular momentum distribution of DNS in the entrance channel may be about 
< £ >= 50h or higher by increasing the beam energy. In this case the whole peculiarities of the 
reaction mechanism in the first stage of reaction should lead almost completely to quasifission 
(re-separation of nuclei of DNS), while the fusion probability Pcn should be lower than about 
10 -7 . Morever, the excited and fast rotating deformed mononucleus, which is formed in complete 
fusion with low probability, undergoes fast fission before the system can reach the compact shape 
of compound nucleus. 

Also in the cases of the explored 22 Ne+ 250 Cf (more mass asymmetric system), 24 Mg+ 248 Cm, 
28 Si+ 244 Pu, 34 S+ 238 U, and 40 Ar+ 232 Th (less mass asymmetric system) reactions, the 272 Hs 



compound nuclei formed in the different entrance channels at a defined excitation energy Eq N 
have different angular momentum distributions. Therefore, the decay rates of CN formed in 
these reactions will be different. The mass distribution of fusion-fission fragments are peaked at 
around the 136 Xe nucleus with different dispersions and average angular momentum distributions 
in connection with the various entrance channels. If we calculate the formation probability 
of the 272 Hs compound nucleus in the mass symmetric 136 Xe+ 136 Xe reaction at the same 
fixed excitation energy Eq N as in the considered 22 Ne+ 250 Cf reaction (where Pqn — 1)> we 
do not meaningfully reach such a compound nucleus(i- > cN <10 -10 ). The angular momentum 
distribution for the 136 Xe+ 136 Xe collision at the capture stage is completely different and all 
conditions of reaction dynamics lead to deep inelastic and quasifission products. In this context, 
for the 136 Xe+ 132 Sn (P C N <1CT 8 ) and 132 Sn+ 176 Yb (P C N <5xKT n ) reactions, one can observe 
the same above-described hindrance to complete fusion. 

2. Model and formalism 

According to the DNS model [15] , the first stage of reaction is the formation of the DNS after 
full momentum transfer of the relative motion of colliding nuclei into a rotating and excited 
system. In the deep inelastic collisions DNS is formed for the relatively short time and the 
full momentum transfer does not occur. Therefore, the deep inelastic collisions are not capture 
reactions. 

The partial capture cross section at a given energy E c _ m , and orbital angular momentum I is 
determined by the formula: 

a cap (-Ec.nl.) = TT\ 2 V e cap (E c , m ,), (1) 

where V^ ap (E c , m ) is the capture probability for the colliding nuclei to be trapped into the well 
of the nucleus-nucleus potential after dissipation of part of the initial relative kinetic energy 
and orbital angular momentum. The capture probability V^-ap i s equal to 1 or for a given 
-Ec.m. energy and orbital angular momentum I. Our calculations showed that, depending on the 
center-of-mass system energy E c _ m ,, there can be "window" in the orbital angular momentum 
for capture with respect to the following conditions [9|fT6] : 

<£<£d and E c . m . > 7 Coul 
V £ cap (E c . m .) = \ 0, if £ < £ min or £>£ d and E c . m . > V Co ui 
{ 0, for all £ if E c . m . < V Co ui ■ 

The boundary values £ m in and Id of the partial waves leading to capture depend on the dynamics 
of collision and they are determined by solving the equations of motion for the relative distance 
R and orbital angular momentum £ [TTHTO] . At lower energies, £ m %n decreases to zero and we 
do not observe the £ "window": < I < The range of the £ "window" is defined by the size 
of the potential well of the nucleus-nucleus potential V(R, Z%, Z2) and the values of the radial 
7 r and tangential 74 friction coefficients, as well as by the moment of inertia for the relative 
motion [TSP3]. 

The quasifission process competes with formation of complete fusion. This process occurs 
when the dinuclear system prefers to break down into fragments instead of to be transformed 
into fully equilibriated CN. 

The fusion excitation function is determined by product of the partial capture cross section 
a cav and the fusion probability Pqn of DNS at various E c , m , values: 
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G fus &cap 

(E c _ m ,£; (3p, aT)PcN(Ec.m.,£', Pp, «t)- 

1=0 



(2) 



Consequently, the quasifission cross section is defined by 



CT qf is(E c . m -Pp,a T ) = J2( 2i + l)vcap(E c . m .,£;f3 P ,a T )(l - Pc N (E c . m ., £; (3 P , a T )). (3) 
e=o 

For more specific details and descriptions on the model see Refs. [8TfTU ] [T(3l , l2"0"] • 
The fast fission cross section is calculated by summing the contributions of the partial waves 
corresponding to the range £j < £ < l& leading to the formation of the mononucleus where the 
fission barrier Pf is zero in such range of £ (Pf = for £> £{) and the nuclear system promptly 
decays into two fragments: 

id 

^fastfis(E c . m .;Pp,a T ) = ^2(2£ + IjacapiEc.m.J; (3p,a T )PcN(E c . m .,£; f3 P ,a T ). (4) 

h 

The capture cross section in the framework of the DNS model is equal to the sum of the 
quasifission, fusion-fission, and fast fission cross sections: 

^capiEc.m.; f3p,ar) = v e q fi ss (E c . m .; Pp,Q!t) + cTf us (E c . m /, f3p,aT) + a e fastfis (E c , m /, /3p,ar)- (5) 

It is clear that the fusion cross section includes the cross sections of evaporation residues 
and fusion-fission products. The fission cross section is calculated by the advanced statistical 
code [21H23] that takes into account the damping of the shell correction in the fission barrier as 
a function of nuclear temperature and orbital angular momentum. 

id 

a ER(x) (E* x ) = ^(2^ + l)4_ 1) (E*)W sur(:c _ 1) (E*^), (6) 

1=0 

The model is also able to calculate the Pcn complete fusion probability, mass- angle- 
kinetic energy- distributions of quasifission and fusion- fission fragments, anisotropy of angular 
distribution, and the dependence of cross sections, Coulomb barrier, intrinsic fusion barrier and 
quasifission barrier on the orientation angle of colliding nuclei (see Refs. [2011241123]). 

3. Sensitivity of the model 

In order to show the sensitivity of our model, in Fig. QJa), we present (a) the results of Pcn 
fusion probability vs. P c . m . energy for two close reactions leading to 214 ' 216 Th compound nuclei 
and comparison with very different results of calculation of Ref. [13]; in Fig. QJb) the results of 
calculation of Pcn vs. the angular momentum values £{%) at two P^n excitation energy values 
of the 202 Pb CN by the 48 Ca+ 154 Sm reaction; in Fig. [1] (c) the results of calculation of Pcn vs. 
(Pc.m. — Pb) collision energy relative to the interaction barrier for two reactions (first and third) 
leading to 202 Pb and the second reaction leading to 192 Pb (very neutron deficient nucleus). 

Moreover, Fig. [2] (a) shows the comparison of the fusion cross section determinations vs. the 
P c . m . energy for one fixed interval of 10?i of the angular momentum selected between (0 — W)h 
and (30 — A0)h, for the Mg+ 248 Cm reaction. An analogous description is also obtained for 
the results of the capture cross section. In Fig. [2] (b) we report values of the Pcn fusion 
probability determined for the two considered angular momentum intervals, as a function of the 
P CN excitation energy of the 272 Hs CN. As one can see, Pcn appreciably changes (remaining 
about 0.85) at P CN > 50 MeV for this investigated reaction. Figure [3] (a) shows analogous 
results for the fusion cross section as shown in Fig. [2] (a) but here presented the ones calculated 
for the S+ 238 U reaction. In Fig. [3](b) we report the results of calculation of Pcn as presented 
in Fig. [2] (b) but here it shown results obtained for the 34 S+ 238 U reaction. As one can see, 
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Figure 1. The Pcn fusion probability calculation: against the B c . m . energy (panel (a)) 
for the 32 S+ 184 W (full line) and 32 S+ 182 W (dashed line) reactions, in comparison with the 
calculation (dash-dotted line) of Ref. [T3]; against the angular momentum t (H) (panel (b)) 
for the 48 Ca+ 154 Sm reaction at ££ N = 49 MeV (dashed line) and ££ N = 63 MeV (full line) 
excitation energies of the compound nucleus; against the (E c . m . —Eb) collision energy relative to 
the interaction barriers (panel (c)) for the 16 0+ 186 W (full line) and 48 Ca+ 154 Sm (dotted line) 
reactions leading the 202 Pb CN, and 48 Ca+ 144 Sm (dashed line, very neutron deficient compound 
nucleus) leading to the 192 Pb CN. 
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Figure 2. Fusion cross section (panel (a), vs. the E c , m . energy) and Pcn values (panel (b), 
vs. the Eq N excitation energy of CN) for the 24 Mg+ 248 Cm reaction and an angular momentum 
range of 10 % taken around 5 Ti (black line) and 35 fi (red line). 
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Figure 3. As Fig. [2J but for the d4 S+ 238 U reaction. 

also for this reaction Pcn appreciable changes at £q N > 55 MeV (remaining yet at about 0.15), 
while at lower excitation energy the Pcn values strongly change at least by about factor 5. The 
results of Figs. HJ [2J and [3] demonstrate the importance of including the dependence on the 
angular momentum distributions in order to obtain reliable calculation of cross sections or other 
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Figure 4. (a) Quasifission (dashed line), fast fission (dot-dashed line), and complete fusion (solid 
line) excitation functions calculated by the DNS model [9, 16, 20J for the 50 Ti+ 252 Cf reaction 
which could lead to the 299 120 compound nucleus. (b) The same as (a), but for the 54 Cr+ 248 Cm 
reaction which could lead to the 302 120 compound nucleus. 
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Figure 5. Comparison of the evaporation residue excitation functions for the Ti+ Cf 
reaction calculated by using mass tables of Nix-Moeller |26j (thick blue lines) and Sobiczewski's 
group [27,28] (thin red lines) for the 2n (dashed lines), 3n (solid lines), 4n (dot-dashed lines), 
and 5n (dotted lines) channels calculated by the advanced statistical model [21H23] . (b) The 
same as (a) but for the 54 Cr+ 248 Cm reaction. 

functions characterizing process. Therefore, the methods of calculation that do not take into 
account the dependences of the Pcn fusion probability on the angular momentum £(h), E cm . 
energy, and orientation angles of the symmetry axes of deformed reacting nuclei cannot reach 
complete understanding of the peculiarities of the fusion mechanism. 



4. Study of the 50 Ti+ 249 Cf and 54 Cr+ 248 Cm rea ctions 

In Figs. |4](a) and (b), we present our theoretical results for quasifission, fast fission and complete 
fusion cross sections of the 50 Ti+ 249 Cf and 54 Cr+ 248 Cm reactions. The comparison of these 
figures shows that at low energies capture cross sections of the 54 Cr+ 248 Cm reaction is larger 
than ones of the 50 Ti+ 249 Cf reaction, while these cross sections become comparable at more large 
energies corresponding to the 3n- and 4n-channel. As one can see that the fusion cross section 
is sufficiently larger for the 50 Ti+ Cf reaction in comparison with the one of the 54 Cr+ 248 Cm 
reaction. The advance of the charge asymmetric system appears at the second stage (fusion) of 
the reaction mechanism leading to formation of the evaporation residues. It is well known that 
the hindrance to complete fusion decreases by increasing the DNS charge asymmetry. At the 
same time the DNS quasifission barrier, B q {, increases because the Coulomb repulsion forces 
decrease by decreasing the Z\ • Z2 product. Therefore, in spite of the fact that the 50 Ti+ 249 Cf 
system which has less neutrons in comparison with Cr+ 248 Cm, the probability of compound 
nucleus formation is higher for the former reaction than for the latter reaction. The more strong 
hindrance in the case of the 54 Cr+ 248 Cm reaction is connected with the larger intrinsic fusion 
barrier B^ us and smaller quasifission barrier B q { for this reaction in comparison with 50 Ti+ 249 Cf. 
The theoretical excitation functions of evaporation residues which can be formed in different 



neutron-emission channels for these two systems are presented in Figs. [5] (a) and (b). In each of 
the figures the evaporation residue cross sections for the neutron-emission channels obtained by 
using binding energies and fission barriers calculated in the microscopic-macroscopic models of 
Nix-M611er [26] and Sobiczewski's group [27^28] are compared. The difference between binding 
energies obtained by these two groups is in the range of 2-3 MeV for the isotopes of superheavy 
nuclei with Z > 114. This difference causes a difference between values of the branching ratios 
r n /rj which is used in calculations of the survival probability of heated and rotating nuclei. 
The use of the mass table of the Sobiczewski's group leads to two main consequences: the 
excitation energy of the compound nucleus will be lower because the negative value of Q gg is 
larger, and the value of the fission barrier Bf is lower increasing the fission probability. The 
evaporation residues cross sections obtained by the use of mass table calculated by the Nix- 
Moller microscopic-macroscopic model are one order of magnitude larger in comparison with 
the results obtained by the use of the mass table of Sobiczewski's group. 

5. Superheavy nuclei and perspective for heavier superheavy elements 

In order to estimate the realistic possibilities to synthesize superheavy elements by massive 
nuclei reactions, we performed calculations of many reactions forming fissile compound nuclei 
with Z > 100 at the same excitation energy (Eq N ~ 37 MeV). In Table 1 we present the set of 
studied reactions leading to heavy and superheavy elements by various entrance channels with 
different charge (mass) asymmetry parameters. 
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Table 1. The listed reactions are reported as a function of the charge Zcn of compound nucleus 
(if it can be reached), and the parameter z = ^V3*^i/3 representing the Coulomb barrier of 

reacting nuclei in the entrance channel. 

It is interesting to observe and analyze the overall trend of the fusion probability Pcn and 
the evaporation residue yields for various reactions as a function of the charge Z of CN and of 
the parameter z = (related to the Coulomb barrier in the entrance channel) in order 

to draw some useful indications on the possible reactions leading to heavy nuclei with Z > 100 
and particularly on reactions leading to superheavy elements with Z > 120. 

Figure [6]^ a) shows the fusion probability Pqn for the reactions listed in Table [Q as a function of 
the charge Z of CN, at excitation energy Eq N ~ 37 MeV. As one can see in this figure, -Pcn slowly 
decreases with Z but strongly decreases for more symmetric reactions in the entrance channel 
leading to the same Zcn- The trend of Pcn for the same investigated reactions appears more 

clear if we report the calculated Pcn as a function of the parameter z = Tiz^\lz representing 

A 1 +A 2 

the effect of the Coulomb barrier of interacting nuclei in the entrance channel (see Fig. [6] (b)). 
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Figure 6. (a) Fusion probability Pcn versus charge ^cn, for the reactions listed in Table 1, 
calculated at the same excitation energy Eq N ~ 37 MeV. (b) Fusion probability Pcn versus the 
parameter z (representing the Coulomb barrier of reacting nuclei in the entrance channel) for 
many reactions with charge of compound nucleus Zcn included in the Zcn = 102-126 range. 

The different symbols and values of Pcn reported at the same Zcn (108, 118, 120, 122, 
122, 124, 126) represent different fusion probabilities for various entrance channels leading to 
the same Zqn- The Pcn values decrease for less asymmetric reactions. As Fig. E^b) shows 
the trend of Pcn at Eq N ~ 37 MeV strongly decreases by increasing the z parameter and by 
decreasing the charge (mass) asymmetry parameter of reactions in the entrance channel. The 
hindrance to fusion increases for more symmetric reactions and for higher Coulomb barriers of 
reactions in entrance channel. 
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Figure 7. (a) Evaporation residue cross section cter (after neutron emission only versus the 
parameter z representing the Coulomb barrier in the entrance channel, for reaction with Zcn= 
100-120. (b) As panel (a), but for reactions leading to ^cn= 120-126. 

Figure [7] (a) shows the evaporation residue cross sections, after neutron emission only from 
CN, obtained for the investigated reactions as a function of the parameter z, at Eq N ~ 37 MeV. 
In the figure the horizontal dotted line marks the value of 1 pb for the ER cross section. One 
can see that for reactions with parameter z lower than the value of about 200 it is possible 
to observe evaporation residues after neutron emission only from the de-excitation cascade of 
the compound nucleus. For reactions with values of parameter z included in the about 200-235 
range the observation of residues is at limit (or it appears to be a very problematic task) of 
the current experimental possibilities. For reactions with z higher than 235 it is impossible to 
observe ER of CN after neutron emission only. 

We report in Table [2] the results obtained for the investigated reactions leading to CN with 
Z =120, 122, 124 and 126, at excitation energy of compound nuclei of about 37 MeV. Figure [7] 



(b) shows the results of ER as a function of the parameter z 
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Table 2. Reactions leading to compound nuclei with ^cn= 120-126, as a function of the 
parameter z representing the Coulomb barrier in the entrance channel, cjer is the ER cross 
section after the neutron emission only from the de-excitation cascade of CN; P res / cap is the 
ratio between the yields of evaporation residue iter and the capture fx cap . 



figure is reported by dotted line the value of o'er of 1 pb. 

As one can see we estimate that only for the superheavy element with Z = 120 it is possible 
to observe evaporation residues by reactions with z parameter lower than 230. The observation 
of the superheavy element Z = 122 by reaction with z of about 234 appears to be a very doubtful 
venture. The observation of superheavy elements with Z = 124 and 126 by reactions with z 
of about 251 and 267, respectively, is impossible by the current experimental conditions and 
detecting system of evaporation residues. 



6. Conclusions 

We studied the distribution of the fusion probability Pcn versus the charge Z of the compound 
nucleus for a wide set of reactions by dynamical calculations. The formation probability of a 
dinuclear system in the entrance channel and its subsequent evolution into compound nucleus 
in competition with quasifission is analyzed by the systematics of Pcn versus the parameter z 
representing the Coulomb barrier in the entrance channel. The evaporation residue cross sections 
<ter versus the z parameter calculated for the different reactions are presented. The ER cross 
sections are obtained for the de-excitation cascade of CN after neutron emission only. From 
the study of such systematics in many reactions forming various compound nuclei at the same 
excitation energy 2?cn of about 37 MeV it is possible to understand the role of the entrance 
channel mass symmetry in the complete fusion reactions and in formation of the evaporation 
residue. 

The trend of Pqn is a slow decrease of its values with the increase of the charge Z of compound 
nucleus and by the decrease of the mass asymmetry parameter of entrance channel of the 
reactions which lead to form the same compound nucleus, as well as a fast decrease of Pqn 
values and ER yields versus the parameter z = f/l xZ \/ 3 ■ 

At conclusion of the present investigation, the use of the neutron rich radioactive beam 132 Sn 
for the formation of superheavy nuclei is not of promising possibilities. 

Regarding the results of the investigated reactions leading to the formation of compound 
nuclei with Z = 120, 122, 124 and 126, we affirm that it is possible to reach and observe the 
ER of the 120 superheavy element by a reaction with z parameter of about 230, while it is a 
very doubtful venture to synthesize the 122 superheavy element by reactions with z parameter of 
about 234 or higher by the current experimental resources and methods of observing evaporation 
residues. 

The possibility to observe evaporation residue of superheavy elements appears out in reactions 
with z parameter in the entrance channel higher than 240. Therefore, it is impossible to form 
the 124 and 126 superheavy nuclei by the studied reactions above mentioned. 



The quasifission is the main cause of hindrance of complete fusion and the yield of such a 
process strongly increases for reactions with higher z parameters and also with the increase of 
the E* m energy. The fast fission and fusion-fission are the subsequent hindrances to lead to 
evaporation residues at forming of complete fusion and reaching of compound nucleus CN. In 
this context, the mass symmetric or nearly symmetric reactions in the entrance channels do not 
give a realistic possibility to synthesize superheavy elements, and the use of the 132 Sn beam is 
of scarce usefulness for this kind of reactions. 

Consequently, it is an unrealizable dream to think of performing the 132 Sn+ 208 Pb (with 
z = 373) and 132 Sn+ 249 Cf (with z = 431) reactions in order to reach the 340 132 and 381 148 
superheavy elements, respectively, and by mass symmetric reactions like 136 Xe+ 136 Xe (with z 
= 184) and 

i39,i49T_ ia _l_i39,i49j_ ia ( w ith z = 317 and 306, respectively) to synthesize heavy and superheavy 
elements to cause of the absolute dominant contribution of the quasifission process after capture, 
and the fast fission process presents at stage of the little probable formation of complete fusion. 

Moreover, we also presented the results of the 50 Ti+ 252 Cf and 54 Cr+ 248 Cm reaction leading to 
the 299 120 and 302 120 compound nuclei, respectively. We discussed about the evaporation residue 
cross section determinations when the masses and barriers of Nix-Moeller [26] or Sobiczewski's 
group [271128] are used. In addition, we compared and discussed results obtained by other models 
and explained why the complete fusion process of the two colliding massive nuclei (for example, 
in the 132 Sn+ 120 Cd reaction) cannot be considered as the inverse process of fission (for example, 
in the 252 Cf spontaneous fission). We discussed the huge role of the Coulomb forces on the 
hindrance to complete fusion in the 136 Xe+ 136 Xe reaction in comparison with the fully different 
case of the 24 Mg+ 248 Cm reaction leading to high rate of complete fusion of reactants in the 
entrance channel. 
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